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ABSTRACT: Hydrogen solubility in ten transition metals (V,

Nb, Ta, W, Ni, Pd, Pt, Cu, Ag, and Au) has been predicted by 102 ——0o_ __Tc’i Nb

first-principles based on density functional theory (DFT) | | G — - e

combined with chemical potential equilibrium between hydrogen | © 1ot Ni Pd

in the gas and solid-solution phases. Binding energies and E 10-2% - - * .

vibrational frequencies of dissolved hydrogen in metals are | & ) sia -
obtained from DFT calculations, and the sensitivity of solubility | & 10 Cu =] £ )7(
predictions with respect to the DFT-calculated variables has been E- 10° Pt > Au, W Sl ‘: [N
analyzed. In general, the solubility increases with increasing e o o L - ""'. J
binding strength and decreasing vibrational frequencies of 1078 . 4
hydrogen. The solubility predictions match experimental data %0 9 700 BeD. AN 1000 \

within a factor of 2 in the cases of V, Nb, Ta, and W and within a Temperature (K) O-site

factor of 3 in the cases of Ni, Cu, and Ag. In Pd, the deviation in
solubility predictions is mainly attributed to the errors involved in the calculated vibrational frequencies of dissolved hydrogen. In
Pt and Au, hydrogen in the octahedral interstitial site is less stable than in the tetrahedral site, contradicting the predictions based
on the hard-sphere model. Potential energy surface analysis reveals a slightly downward concavity near the center of the
octahedral sites in Pt and Au, which may explain the calculated imaginary vibrational frequencies in these sites and lead to
unreliable solubility predictions.

1. INTRODUCTION

Hydrogen is a promising clean energy carrier compared to fossil
fuels since neither pollutants nor carbon dioxide (CO,) is
emitted upon its combustion. However, the production and
purification of hydrogen are energy-intensive processes and
currently rely on fossil fuels. To improve efficiencies of
hydrogen production and purification and to mitigate
associated greenhouse gas emissions, understanding hydrogen
absorption and diffusion in metals would be valuable for many
practical problems such as hydrogen separation using metallic
membranes' > and preventing hydrogen-induced embrittle-
ment (HIE) in industrial facilities. In metallic membranes,

hydrogen permeability, defined as the product of the solubility

hydrogen solubility should be tuned properly to achieve a
maximum solubility while suppressing HIE.”

While hydrogen solubility in transition metals at various
temperatures has long been investigated by various exper-
imental methods,””"® material and equipment costs as well as
the long time span of equilibration can sometimes be a limiting
factor for the experimental studies. Theoretical modeling may
help avoid cost and time constraints by predicting the hydrogen
solubility and thereby allowing for a greater understanding of
hydrogen binding in metals from atomic-scale perspectives.
Thermodynamic modeling was first established alongside
experimental measurements.'>'°~"* Hydrogen solubility is
treated as an equilibrium constant associated with the chemical
equilibrium between gaseous hydrogen and dissolved hydrogen

and diftusivity, is directly related to the separation capability of
membranes. While both high solubility and high diffusivity are
desired, one may screen membrane materials based on
solubility first, particularly in the cases of BCC metals, where
the solubility is thought to play a more dominant role in
determining the permeability.”® Besides, high hydrogen
solubility may induce HIE, which is a critical issue for the
structural stability of membranes. HIE refers to the mechanical
failure of metals due to lattice expansion, distortion, and
fracture caused by absorbed hydrogen.”® While embrittlement
mechanisms vary with the microstructure of materials, those
with high hydrogen solubility have a general tendency to easily
become brittle. For desirable membrane performance, the
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in a solid solution. With the assumption of a quasi-regular
interstitial solution, a linear relationship between the log of the
solubility and the inverse temperature has been observed.”’
From the extrapolated linear relationship, the enthalpy and
entropy of hydrogen dissolution can be obtained from the slope
and the intercept on the log axis, respectively. These
thermodynamic variables have been further modeled as a
function of hydrogen solubility'>'” or the lattice constant of the
alloys."®

Received: June 8, 2015
Revised:  July 27, 2015
Published: August 10, 2015

DOI: 10.1021/acs.jpcc.5b05469
J. Phys. Chem. C 2015, 119, 19642—-19653


pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.5b05469
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcc.5b05469&iName=master.img-000.jpg&w=231&h=130

The Journal of Physical Chemistry C

Electronic structure studies on hydrogen-absorbed metal
systems have provided a more profound understanding of
hydrogen absorption in metals and alloys.”'*~** It has been
understood that hydrogen can bind in metal interstitial sites or
defects (e.g., vacancies and grain boundaries), where the added
electron from hydrogen fills the metal d-band of neighboring
atoms and the electron density associated with hydrogen
becomes closer to an optimal level.””** In recent studies, first-
principles based on density functional theory (DFT) have been
directly applied to the calculation of macroscopic thermody-
namic properties such as heat and entropy of dissolution and
accordingly the solubility of hydrogen in metals. The simplest
structure of hydrogen in transition metals is the case of
interstitial hydrogen. On the basis of the interstitial model, the
solubility of hydrogen in various transition metals has been
predicted, including in Pd,>>*° Pd-based alloys (e.g.,
PdCu, 2~ PdAg**” PdAu and PdRh?), W,*"*2 Mo,
Cu,”* and other metals.”> The predictions have shown a
similar trend to experimental results, but some discrepancies
remain to be fully explained. In theory, the predicted results
may be affected by the simplicity of the interstitial model
structure in describing realistic systems or by intrinsic errors
associated with DFT calculations. Many studies indeed have
reported that hydrogen binding in a metal vacancy or within
grain boundaries is generally much stronger than one in an
interstitial site.”>”"*>~*" However, vacancy formation energy is
often omitted when hydrogen binding strength is compared
within various hydrogen—vacancy complexes, which has led to
a biased idea that vacancy binding might be predominant in
hydrogen dissolution in metals. Formation of a vacancy from a
perfect crystal requires energy input, resulting in the number of
vacancies being much smaller than the number of available
interstitial sites.”> While enhanced vacancy formation has been
reported in the presence of hydrogen, and consequently
superabundant vacancy formation has been reported in certain
circumstances,”” ~*' a major contribution to the total hydrogen
solubility seems to be the interstitial trapping of hydrogen.” In
this regard, using a simple interstitial model for dilute solutions
can be a valid approach. The deviations of solubility predictions
from experiments then may be attributed to the accuracy of
DFT-calculated variables to some extent. DFT results are
provided in the literature often without an error range, although
convergence is achieved in individual studies. Since these DFT
results are used in subsequent thermodynamic equilibrium
calculations to obtain solubility values, understanding the
variations in DFT values would provide useful information to
solubility predictions.

In this study, we have calculated hydrogen solubility in
metals based on chemical potential equilibrium with a quasi-
regular interstitial solution, where DFT-calculated binding
energy and vibrational frequency of hydrogen in metals are
crucial variables in determining the chemical potential of
dissolved hydrogen. In particular, we will show the sensitivity of
solubility predictions to those of two DFT-calculated variables.
Subsequently, the accuracy of the DFT calculations will be
discussed, followed by solubility predictions and comparisons
to experimental values for the following 10 early and late
transition metals: vanadium (V), niobium (Nb), tantalum (Ta),
tungsten (W), nickel (Ni), Pd, platinum (Pt), copper (Cu),
silver (Ag), and gold (Au). Finally, case studies on the metals
for which the solubility predictions significantly deviated from
the experimental values will be further discussed.

2. METHODS

Derivation of the solubility from thermodynamic equilibrium is
described in the Supporting Information. In short, binding
energy and vibrational frequencies of atomic hydrogen in an
interstitial site obtained from first-principles calculations will be
used to calculate hydrogen solubility in a metal. First-principles
calculations based on DFT*** were performed using the
Vienna ab initio Simulation Package (VASP, v5.2.12)*~*" with
the projector-augmented wave (PAW) method*** to describe
nucleus—electron interactions. Electron exchange-correlation
functionals were represented with the generalized gradient
approximation (GGA) using the model of Perdew, Burke, and
Ernzerhof (PBE).””*' Plane waves with the kinetic energy
cutoff of 450 eV were used to describe electronic wave
functions, and the Monkhorst—Pack scheme®* was applied for
the sampling of k-points in a k-space of 8 X 8 X 8. While the
electronic energy in the self-consistent field was converged
below 1077 eV, the total energy convergence to within 1 meV/
atom was achieved with respect to the energy cutoft and k-point
parameters. The first-order Methfessel and Paxton smearing
method”” with a width of 0.2 eV was used for the Fermi-level
integration. We performed geometry optimization with a fully
relaxed cell volume for each metal. For V, Nb, Ta, and W, a 2 X
2 X 2 conventional BCC supercell (16 atoms) was used, and for
Nj, Pd, Pt, Cu, Ag, and Au, a 2 X 2 X 2 conventional FCC
supercell (32 atoms) was employed. Spin-polarized calculations
were applied to Ni and Pd. After the geometry optimization of
pure metal lattices, we fixed the lattice and added one hydrogen
atom in an interstitial binding site per supercell. The hydrogen-
to-metal ratio chosen in this study is suitable to describe a
dilute solution with a reasonable amount of computational
resources (e.g, hydrogen binding energies in the O-site of 108
atoms of Cu, Pt, and Au differ by 0.01—0.02 eV/H compared to
those of 32 atoms). All ionic positions were relaxed using the
conjugate-gradient algorithm so that the absolute values of the
forces on unconstrained atoms became less than 0.01 eV/A.
From the optimized structure, we calculated the normal-mode
vibrational frequencies of the hydrogen atom by a finite
displacement method with a displacement size of 0.015 A. We
calculated the energy of the H, molecule in the gas phase by
placing one H, in a 20 X 20 X 20 A* cubic box and choosing
the [-point. The binding energy (BE) of atomic hydrogen in an
interstitial binding site with respect to gaseous H, was
calculated by taking the total energy difference between the
initial (pure metal and the hydrogen molecule in the gas phase)
and final state (one hydrogen bound in an interstitial site of the
metal)

BE = E(M + H) - E(M) — ~E(H,) o
such that E(M + H), E(M), and E(H,) are the total energies of
hydrogen-absorbed metal, the bulk metal, and hydrogen in the
gas phase, respectively.

Zero-point energies (ZPEs) should be taken into account in
a system of light atoms such as hydrogen, where the quantum
wavelength (de Broglie wavelength) exceeds the atomic
separation. The ZPE-included binding energy is defined as eq 2

BE,,; = BE + AZPE = BE + {ZPE(M + H)

1
_ ZPE(M) — EZPE(HZ)} o
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where ZPE is given by eq 3
hy,
. 2 3)

for each vibrational frequency v; associated with the vibrational
mode i for all real vibrational modes present. Since our results
showed that the vibrations of the bulk metal (phonons) are
negligible compared to the atomic hydrogen vibration in an
interstitial site, the ZPM (M) was ignored, and ZPM (M + H)
was replaced with ZPE (H). Since the atomic hydrogen is
confined in an interstitial site, the three degrees of freedom in
the motion of the hydrogen would correspond to three normal
modes of vibration.

ZPE =

3. RESULTS AND DISCUSSION

3.1. Sensitivity of Solubility Prediction Parameters. In
our solubility prediction model, the binding energy and
vibrational frequency of interstitial hydrogen are the only
unknown variables calculated by DFT. Before discussing the
DEFT results in the next section, we performed a sensitivity
analysis showing how solubility would change with respect to
hypothetical values of the binding energy and vibrational
frequency. Figure 1 shows the hydrogen solubility as a function
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Figure 1. Hydrogen solubility as a function of binding energy and
vibrational frequency in the O-site of the FCC metals at (a) 600 K and
(b) 800 K. The magnitude of solubility (ratio of hydrogen atoms to
metal atoms) is indicated by the color bar and the contour lines on the
plots.

of binding energies (as defined in eq 1, without ZPEs) and
vibrational frequencies associated with the O-site of an FCC
metal, in which the ratio of the number of binding sites to that
of metal atoms is unity, and the three vibrational frequencies
are identical.

One can notice that the solubility generally increases as the
binding becomes stronger or the vibrational frequency
decreases. It intuitively makes sense that a stronger binding
leads to a higher solubility, as more hydrogen will be absorbed

in the metal due to the strong affinity. Vibrational frequencies
of atomic hydrogen in metals contribute to the solubility
through the vibrational partition function that ultimately
determines the energy of hydrogen absorption. According to
eq S8 (shown in the Supporting Information), smaller
vibrational frequencies result in a larger vibrational partition
function, leading to a higher solubility. In the following
sections, one will notice that smaller vibrational frequencies are
generally observed where a hydrogen atom is bound in a more
spacious interstitial site, e.g,, the O-site of the FCC metals
compared to the T-site of the BCC metals. However, despite
the larger contribution from the vibrational frequencies in the
FCC metals, the hydrogen solubility is generally greater in the
BCC metals due to the strong binding of hydrogen.

Since the accuracy of the binding energy and vibrational
frequency calculations is crucial to the solubility prediction, it
would be useful to have a quantitative understanding of the
error ranges in the binding energy and vibrational frequency
that would result in an order of magnitude difference in the
predicted solubility. Figure 1(a) indicates that an error of 0.11
eV in the binding energy at a fixed vibrational frequency or an
error of 290—430 cm™ in the vibrational frequency at a fixed
binding energy corresponds to an order of magnitude error in
the solubility. The solubility change is more sensitive to lower
vibrational frequencies, implied by the steeper slope with
respect to the vibrational frequency in the solubility contour
plots. This higher sensitivity is due to the vibrational partition
function decreasing more rapidly at lower vibrational
frequencies (according to eq S8 in the Supporting Informa-
tion). Thus, when the vibrational frequency of atomic hydrogen
is relatively low, the errors in the solubility prediction are
attributed to two factors: (i) the higher sensitivity of solubility
to vibrational frequency at lower frequencies and (ii) larger
relative errors at lower frequencies due to absolute intrinsic
errors in the DFT calculations. For these reasons, errors in the
vibrational frequencies seem to play a significant role in the
solubility predictions in the case of Pd (see Section 3.4). Figure
1(b) presents a similar sensitivity plot for 800 K. The contour
levels are more widely spaced than those shown in Figure 1(a),
indicating that the solubility is less sensitive to the variations in
the binding energy and vibrational frequency at a higher
temperature due to an increased contribution of the vibrational
partition function. At 800 K, an error of 0.14 eV in the binding
energy or 330—490 cm™’ in the vibrational frequency induces
an order of magnitude error in the solubility.

Despite the errors in the DFT-predicted binding energy and
vibrational frequency, in cases where the effects cancel each
other, the resulting error in the calculated solubility may
become negligible. Nevertheless, it is important to calculate
each variable in DFT with high accuracy for consistent
solubility predictions. In the next section, we will discuss the
DFT results in greater detail.

3.2. Binding Energy of Interstitial Hydrogen in Metals.
The predicted lattice constants are compared against experi-
ment in Table 1. The errors in the predictions are within
+2.3%, and all the lattice constants have been overestimated,
with the exception of V. The overestimation of the lattice
constants is a well-known trend for the GGA-PBE exchange-
correlation functional.>**° In Table 2, we show the binding
energies predicted by first-principles calculations using the
optimized lattice constants of the metals. We defined the
binding energy such that a negative binding energy indicates
thermodynamically favorable absorption. Conversely, a positive
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Table 1. Lattice Constant Predictions from First-Principles Calculations and Interstitial Radii Estimated by the Hard-Sphere

Model”
metal  group  cubic structure  experimental lattice const.*” (A)
v N BCC 3.02
Nb S BCC 3.30
Ta S BCC 3.30
w 6 BCC 3.16
Ni 10 FCC 3.52
Pd 10 FCC 3.89
Pt 10 FCC 3.92
Cu 11 FCC 3.61
Ag 11 FCC 4.09
Au 11 FCC 4.08

predicted lattice const. (A)

atomic radii (A)  T-site radii (A)  O-site radii (A)

2.995 1.31 0.38 0.20
3.32 1.43 0.42 0.22
3.32 143 0.42 0.22
3.19 1.37 0.40 0.21
3.52 124 0.28 0.52
3.96 1.38 0.31 0.58
3.98 1.39 0.32 0.58
3.63 1.28 0.29 0.53
4.16 1.45 0.33 0.61
4.17 1.44 0.33 0.61

“The values in bold indicate the size of the interstitial site where hydrogen binding is preferred based on the hard-sphere model.

Table 2. Binding Energy and Vibrational Frequency of Atomic Hydrogen in Metals Predicted by First-Principles Calculations

binding energies (eV/H)

vibrational frequencies (cm™)

metal T-site” O-site”
A —-0.30 —-0.06
(—0.19) (-0.05)

Nb —0.34 0.03
(—0.24) (0.03)

Ta -0.35 0.04
(—0.25) (0.05)

w 0.94 1.37
(1.06) (1.39)

Ni 0.35 0.08
(0.45) (0.09)

Pd —0.04 —-0.09
(0.00) (-0.17)

Pt 0.53 0.58
(0.57) (0.45)

Cu 0.64 045
(0.72) (0.44)

Ag 0.72 0.68
(0.75) (0.61)

Au 0.84 1.03
(0.83) (0.89)

T-site O-site”
1529.4, 1529.3, 1016.3 2423.3, 701.8i, 702.2i
1392.0, 1391.3, 1008.6 2335.2, 799.1i, 799.6i
1414.5, 1414.4, 1034.6 2384.7, 841.0i, 841.3i
1530.6, 1530.3, 1156.0 2569.9, 915.4i, 915.4i
1288.4, 1287.8, 1287.7 804.5, 804.3, 803.9
990.7, 990.4, 990.0 315.0, 314.4, 313.8
944.8, 944.5, 944.5 397.3i, 397.3i, 397.3i
1169.1, 1168.8, 1168.7 713.5, 713.5, 713.3
867.6, 867.5, 867.5 380.7, 380.2, 380.2

695.6, 695.4, 695.3 448.9i, 449.8i, 449.7i

“i: Imaginary number. "Values shown in parentheses are ZPE-corrected binding energies.

binding energy indicates that hydrogen absorption is
thermodynamically unfavorable. By this definition, the lower
the binding energy, the stronger the interaction. DFT-predicted
binding energies (with and without ZPE correction) are also
listed in Table 2.

The binding energies we predicted are in reasonable
agreement with previous theoretical predictions from the
literature. Compared to hydrogen binding energies in the T-
and O-sites of bulk V, Nb, and Ta calculated from first-
principles in Aboud and Wilcox, > Ouyang and Lee,”” and
Sundell and Wahnstrom,”® our results differ by a maximum of
0.12 eV/H. Our hydrogen binding energy in the T-site of W
agrees with the values reported in the literature to within 0.08
eV/H.*#*35397%2 Hydrogen in the O-site of these BCC metals
is known to exist at a high-order saddle point,®”%>** which is
consistent with our findings (see further details in Section 3.3).
In the case of Nj, the binding energies predicted in this study
are lower by 0.09—0.14 eV/H than those found in the
literature.”>**** In the cases of Pd******® and Ag* our
calculated binding energies are different within 0.06 eV/H
compared to the literature. Hydrogen binding energies in

Cu,”*** Pt,*” and Au™ reported in the literature vary from
our results within 0.09, 0.09, and 0.12 eV/H, respectively.
Much larger differences in the range of 0.3—0.4 eV are found
between our hydrogen binding energy results for the O-sites of
Pd, Pt, and Au and those in Yokoi et al,* yet since neither
exact numerical data nor computational details are available in
this previous study, it is difficult to make a fair comparison. On
the basis of the sensitivity analysis presented in Section 3.1, the
binding energies calculated in this study are expected to give
reasonable predictions of solubility, ie., within 1 order of
magnitude difference.

A general trend observed from experimental evidence is that
hydrogen tends to occupy the T-sites in the BCC lattice and O-
sites in the FCC lattice.”'”** Here, we make an attempt to
explain the mechanism of the observed site preference from the
hard-sphere model and our DFT predictions and discuss two
exceptions to this trend. On the basis of the hard-sphere model
and the predicted lattice constants, the radii of the T- and O-
sites were estimated, as shown in Table 1. Given the covalent
radius of the hydrogen atom, 0.25 A,68 the size of the T-sites
(0.38—0.42 A) in the BCC metals is sufficient to contain a
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hydrogen atom, but the O-sites (0.20—0.22 A) in the BCC
metals would be too small. In the case of the FCC metals, the
T-sites (0.28—0.33 A) can tightly fit a hydrogen atom, whereas
the O-sites (0.52—0.61 A) are sufficiently large. On the basis of
this size argument, hydrogen binding in the BCC metals would
be more favored in the T-site than in the O-site. Either the T-
or O-site may be occupied by hydrogen in the FCC metals, but
hydrogen binding may be particularly favored within an
optimally sized interstitial site, which can be provided by the
O-site. The more spacious O-site in the FCC metals would be
able to offer stronger binding, in general, than the constricted
T-site. Small interstitial sites tend to result in weak binding
since interstitial binding causes a high energy penalty associated
with lattice expansion or distortion.

However, the size is not the only factor determining the site
preference. We found little quantitative correlation between the
magnitude of the hydrogen binding energy and the size of the
interstitial site predicted from the hard-sphere model. For
example, W has a similar T-site radius to that of V, Nb, and Tha,
but the binding energy in W is notably different from those in
the Group 5 metals. In addition, the pairs of Ni and Cu, Pd and
Pt, and Ag and Au have similar O-site radii (differing by 3.1%,
0.5%, and 0.3%, respectively), but the hydrogen binding energy
in these metal pairs has a wide range (differing by 83%, 116%,
and 34%, respectively). Only within the Group S metals, which
have similar lattice constants, are the binding energies close to
each other. This trend confirms that the site preference of
hydrogen in metals cannot be predicted solely by the interstitial
size based on the hard-sphere model. The hard-sphere model
served as a basis for some previous studies””’” on hydrogen
solubility in metals, where the hydrogen site preference cannot
be accurately measured by experiments due to very low
solubility of hydrogen. The electronic structure of the metal
associated with the binding sites may play a significant
role’**** even in a relatively simple pure metallic system
such as the ones presented in this study.

Another exception to the site preference observed from
experiments and deduced by the hard-sphere model is
hydrogen binding in Pt and Au. Hydrogen binding in the O-
site is expected for FCC metals, but our binding energy
calculations from DFT indicate that the T-site is preferred in Pt
and Au, both having an FCC structure. Previous DFT-based
calculations®®*” also showed that the T-site is preferred for
hydrogen binding in Pt and Au; however, You et al.*® did not
provide an explanation for this unexpected phenomenon, and
the results from Nazarov et al.”” are different from ours to the
extent that hydrogen is stable in the O-site of Pt when the zero-
point vibration is considered. We will discuss this unclear site
preference in Au and Pt further in Section 3.5.

3.3. Normal-Mode Frequency of Interstitial Hydrogen
in Metals. The calculation results of the normal-mode
vibrational frequencies are listed in Table 2. The values are
truncated to the tenths place for convenience. One indication
of the numerical accuracy with respect to the size of
displacement in the finite displacement method is that very
similar numbers for the three equivalent vibrational modes in
the FCC O-sites were observed (standard deviation of 0.6
cm™"), whereas a deviation of a few cm™ among the equivalent
vibrational modes would result otherwise. Still, this measure of
accuracy does not necessarily include the errors associated with
the geometry optimization in our DFT model. Therefore, some
deviations from experimental results are expected, which is
common in DFT calculation.”'

As explained in the Methods section, normal-mode vibra-
tional frequencies (Table 2) were used to calculate the
vibrational partition function in the solubility equation.
According to eq 2, if the ZPE of the interstitial hydrogen
atom, ZPE (H), is smaller than half of the ZPE of hydrogen gas,
1/2ZPE (H,), the effect of the net ZPE to the binding energy
will be to strengthen the binding. In the BCC metals, the net
ZPE weakens the binding in the T-site more significantly than
in the O-site, so that the ZPE-corrected binding energy
difference between the O- and T-sites becomes smaller. In the
FCC metals, on the other hand, the O-site binding is generally
strengthened by the net ZPE, whereas the T-site binding is
weakened, so that the ZPE-corrected binding energy difference
between the two sites becomes greater. From this point of view,
ZPEs play an important role in determining the site preference
of interstitial hydrogen.

Shown in Table 2, the three vibrational frequencies of atomic
hydrogen in each of the four BCC metals investigated in this
study share a similar trend. Two of the frequencies associated
with the vibration in the T-site are higher than the third due to
the lack of T-site symmetry along one axis compared to the
regular tetrahedron. The hydrogen vibration in the BCC
metals’ O-site involves two imaginary frequencies, indicating
that the O-site is not the true energy minimum on the potential
energy surface (PES) but is a second-order saddle point. Similar
saddle-point behaviors of hydrogen in the O-site of BCC metals
have also been reported in the literature.””*>°*”* The presence
of imaginary vibrational modes in the BCC O-sites indicates the
unstable nature of the binding and supports the site preference
deduced from the binding energy and interstitial size as
discussed in Section 3.2.

In the FCC metals, the three normal-mode vibrational
frequencies of hydrogen for each of the O-site or T-site binding
are almost identical due to the octahedral or tetrahedral
symmetry associated with the interstitial sites. Pt and Au
showed three imaginary frequencies for the hydrogen vibration
in the O-site, indicating that the optimized geometry of
hydrogen binding in the O-site is not at the true energy
minimum. These results are consistent with the binding energy
results, which demonstrated that binding in the T-site is more
favorable than that in the O-site. Since hydrogen binding in
these two metals is distinguished from that in the other FCC
metals, further investigation of Pt and Au has been carried out
and is discussed in Section 3.5.

3.4. Prediction of Hydrogen Solubility in Metals. Using
the binding energies and vibrational frequencies from the first-
principles calculations, we predicted the hydrogen solubility in
the 10 metals. Figure 2 shows our solubility predictions and
corresponding experimental values reported in the literature.
The solubility in this study is expressed as a ratio of the number
of hydrogen atoms to the number of metal atoms (H/M). We
show two solubility predictions for each metal: assuming the O-
site binding dominates the solubility and assuming the T-site
binding dominates.

In most cases, we observed that the experimental solubility in
each metal is closer to the higher solubility value predicted for
the two sites, indicating that one of the two binding sites
dominates the bulk solubility. The site that appears to dominate
the solubility corresponds to the one in which a stronger
binding is demonstrated. In other words, the hydrogen
solubility in the BCC metals is dominated by T-site binding,
whereas in the FCC metals with the exception of Pt and Au the
O-site binding dominates. In Pt, since the solubility associated
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Figure 2. Hydrogen solubility in metals as a function of temperature
predicted by first-principles calculations combined with thermody-
namic equilibrium: (a) V, (b) Nb, (c) Ta, (d) W, (e) Nj, (f) Pd, (g)
Pt, (h) Cu, (i) Ag, and (j) Au. Labels are color-coded following the
associated plots.

with the O-site binding is in close proximity to that with the T-
site binding, the sum of those solubilities is presented for
comparison (Figure 2(g)). In Au, the T-site binding is stronger
and is shown to dominate the solubility (Figure 2(h)).

The plots of the hydrogen solubility in the T-site of the BCC
metals (V, Nb, Ta, and W) match the corresponding
experimental results”””>~"® very closely within a factor of 2.

The predictions become much more accurate at higher
temperatures (>1000 K), where the dilute solution assumption
is more likely to be fulfilled (Figures 2(a), (b), (c), and (d)).
Among the FCC metals, the experimental data on the hydrogen
solubility in Ni, %777 Cu,"* and Ag12 match the solubilities
predicted for the O-site binding within a factor of 3 (Figures
2(e), (h), and (i)). Larger deviations from experiments were
observed in the cases of Pd,"** Pt,*" and Au'*"* (Figures 2(f),
(g), and (j)), which will be further discussed at the end of this
section and in the following section.

Despite the difference in how well the DFT-predicted
solubilities match with experimental data, some general trends
can be observed. The Group 5 metals investigated exhibit very
high solubilities compared to the other metals. On the other
hand, Pd shows moderate solubility, and the late transition
metals have very low solubilities, all of which agree well with
the general trends in the experimental literature. Another
feature in the solubility plots of Figure 2 is the trend with
respect to temperature. Hydrogen solubilities in V, Nb, Ta, and
Pd decrease with increasing temperature, whereas those in W,
Nj, Pt, Cu, Ag, and Au increase with increasing temperature.
These opposite trends may in part be correlated to the sign of
the binding energy predicted (ZPE-corrected binding energy in
Table 2) since the binding energy is equivalent to the enthalpy
of dissolution (or absorption). A negative binding energy
corresponds to exothermic dissolution, while a positive binding
energy corresponds to endothermic dissolution. Strictly
speaking, the solubility trend with temperature does not exactly
correspond to the sign of the binding energy since the solubility
is a function not only of binding energy but also of vibrational
frequency. The mismatch between the sign of the binding
energy and exothermicity may occur particularly when the
absolute magnitude of the binding energy is substantially small
(<ca. 0.05 eV/H). For instance, solubility predictions for the O-
site of Nb and Ta present an exothermic trend even though the
binding energies are slightly positive.

The poor predictability in the case of Pd has also been
observed in Matsumoto et al, where the deviations were
attributed to the hydrogen—hydrogen interactions within the
high-concentration regime. On the other hand, the deviations
in this study may be due to the errors associated with our
vibrational frequency calculation. The vibrational frequency of a
hydrogen atom in the O-site of bulk Pd measured by inelastic
neutron scattering is 532 + 32 cm_l,83 deviating from our
prediction by approximately 220 cm ™, translating to an error of
42%. The errors may be partially attributed to the
anharmonicity of the interstitial hydrogen potential in Pd.****
In addition, tens of cm™" are the typical error when vibrational
frequencies are calculated by the finite displacement method
using DFT.”" At low vibrational frequencies as in this example,
the relative error in vibrational frequency becomes high and
generates a large error in the solubility predictions, as discussed
in Section 3.1. Figure 3 shows a corrected prediction of the
hydrogen solubility in Pd by applying the experimentally
known vibrational frequency. The frequency correction lowered
the solubility curve, resulting in a drastically improved match
with the experimental solubility values. A deviation appearing at
the low temperature range implies that the dilute solution
assumption is violated as the hydrogen solubility increases, and
the interaction between absorbed hydrogen atoms becomes
non-negligible. The interaction may be repulsive, thereby
constraining further hydrogen absorption as previously
reported in the literature for highly concentrated systems.”>*®
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3.5. Interstitial Hydrogen in Pt and Au and Corrected
Solubility. The deviated solubility prediction in Pt and Au
shown in Figures 2(g) and (j) may also be attributed to the
inaccuracies in vibrational frequency predictions. To the
authors” knowledge, experimentally determined vibrational
frequencies or evidence of the site preference of interstitial
hydrogen in Pt or Au has not been reported in the literature.
Several theoretical studies based on first-principles calculations
have shown that the T-site is preferred in Au for hydrogen
binding,***”"” whereas other experimental studies presumed
O-site binding for Pt and Au.'>*”*' Some studies have reported
that the hydrogen trapping in metal vacancy defects is favored
over interstitial binding for Au and Pt.**

While we concluded a T-site preference of hydrogen binding
in Pt and Au based on the binding energy and vibrational
frequency calculations, there is a degree of uncertainty involved
in this conclusion due to the interstitial size argument. In order
to validate this unusual site preference in Pt and Au compared
to other FCC metals, we attempted several investigations to
enhance the accuracy of our force calculations, which is directly
related to the normal-mode frequencies we would obtain.

First, we allowed the vibrations of the bulk metal atoms to be
coupled with hydrogen vibrations during the frequency
calculations and confirmed that the imaginary frequencies of
the hydrogen vibrations changed by a small amount, i.e., 0.56%
and 0.04% for Pt and Au, respectively. The calculated
frequencies are given in Table 3.

Second, we adjusted the size of finite displacement from
0.01S to 0.007 A and further to 0.001 A during the vibrational
frequency calculations to avoid the case in which a large
displacement may place the hydrogen far beyond the energy
minimum. However, imaginary frequencies were still obtained,
as shown in Table 3. With a displacement size of 0.007 A, the
imaginary frequencies varied by —1.0 and —0.4% for Pt and Au,
respectively, for the case of a displacement of 0.015 A. With a
displacement size of 0.001 A, the three frequencies in each
metal are not identical, in contrast to the cases of the two larger
displacement sizes. This discrepancy may be due to the errors
caused by numerical approximations associated with too small
of a displacement size, which renders the corresponding energy
difference to be too small for an accurate evaluation.
Nevertheless, the changes in the imaginary frequencies
compared to those with a displacement size of 0.01S A are
only —2.3 and —1.2% for Pt and Au, respectively.

Third, we applied a different method to the force calculation,
ie, density functional perturbation theory (DFPT),”™"' in
which normal-mode vibrational frequencies were calculated via
a linear response method. We still observed imaginary

Table 3. Vibrational Frequencies of Hydrogen in the O-Site
of Pt and Au, Calculated with Varying Parameters”

imaginary vibrationlal frequency/

calculation condition i (cm
Pt
all relaxed, d = 0.015 A 399.5 399.5 399.6
only H relaxed, d = 0.015 A 397.3 397.3 397.3
only H relaxed, d = 0.007 A 393.1 3932 393.7
only H relaxed, d = 0.001 A 381.2 387.7 395.5
all relaxed, DFPT 396.9 396.9 396.9
only H relaxed, DFPT 392.8 392.8 392.8
Au
all relaxed, d = 0.015 A 449.1 450.0 449.9
only H relaxed, d = 0.015 A 448.9 449.8 449.7
only H relaxed, d = 0.007 A 447.2 447.3 447.9
only H relaxed, d = 0.001 A 436.4 447.6 447.7
all relaxed, DFPT 448.6 448.6 448.6
only H relaxed, DFPT 447 .4 447.4 447.4

““d” denotes the size of the displacement in the vibrational frequency
calculations using a finite displacement method.

frequencies for the hydrogen vibration in Pt of 392.8i and
396.9i cm™' for hydrogen-only and all-atom relaxation cases,
respectively. Similarly in Au, the two imaginary frequencies of
447.4i and 448.6i cm™' were obtained for hydrogen-only and
all-atom relaxation cases, respectively (Table 3). The values
obtained by DFPT differ only by —1.1% and —0.5% from those
calculated by the finite displacement method for Pt and Au,
respectively.

In the fourth approach, we reoptimized the geometry of Pt
and Au with a hydrogen atom occupying the O-site by
imposing full lattice relaxation, and the results are shown in
Table 4. We found that the lattice constants of Pt and Au

Table 4. Hydrogen Binding Energy and Vibrational
Frequencies in the O-Site of Au and Pt Associated with
Geometry Optimization and Supercell Extension”

lattice BE vibrational frequencies/i
supercell const. (A) (eV/H) (em™
Pt
2 X 2 X 2 (32 atoms), 3.98 0.58 397.3 397.3 397.3
fixed lattice
2 X 2 X 2 (32 atoms), 3.99 057 4107 4106 4107
fully relaxed
3% 3 x3 (108 atoms),  3.98 0.56 4061 4077  407.8
fully relaxed
Au
2 X 2 X 2 (32 atoms), 417 103 4489 4498 4497
fixed lattice
2 X 2 X 2 (32 atoms), 4.18 102 4568 4577 4576
fully relaxed
3% 3 x3 (108 atoms),  4.18 100 4329 4341 4341
fully relaxed

“Only the H atom was displaced in the vibrational frequency
calculations.

became 0.2% larger than those obtained from the fixed-lattice
calculations. The normal-mode vibrational frequencies with this
new geometry are still imaginary and are 3.4% and 1.8% higher
for Pt and Au, respectively, than those calculated from a fixed
geometry. The binding energies changed by only 0.01 eV.
The fifth approach was to increase the supercell size of Pt
and Au from a 2 X 2 X 2 (32 atoms) to a 3 X 3 X 3 (108
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Figure 4. Potential energy surface projected onto the (002) surface of metals with the O-site at the center (left) and potential energy plotted along
the dotted line on the potential energy surface (right): (a) Ag, (b) Pt, and (c) Au.

atoms) conventional unit cell. The rationale was that this may
allow for the elimination of fictitious interactions between
hydrogen atoms through periodic images. Nevertheless, the
binding energies and vibrational frequencies hardly changed, as
shown in Table 4.

As a final approach to understand the origin of the imaginary
frequencies, we constructed a PES based on fixed-geometry
calculations. In other words, for each data point on the PES, the
total energy was calculated with a fixed geometry, where the
metal atoms were fixed and only the hydrogen atom was
displaced from the optimized geometry. After the calculation of
each data point, the hydrogen atom was displaced from its
previous position on the plane of a normal-mode vibration by
2% of the lattice constant of the corresponding metal. Since the
metal atom positions would merely change with such a small
displacement of hydrogen in reality, the PES we generated
would describe the energy landscape near the hydrogen binding
site. We chose Ag as a reference case to be compared with for
several reasons: no imaginary frequencies were observed in Ag,
the DFT-predicted solubility matches well with the exper-
imental values, and the lattice constant of Ag is close to that of
Au. Shown in Figure 4 are the PESs that are projected onto the
(002) surface, on which the O-site is located at the center with
a normal-mode vibration indicated by a dotted line.
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The x- and y-coordinates of the plots range within +10% of
each metal’s lattice constant, and the energy level is color-coded
within a range of 0—20 meV. We also present a plot associated
with each PES, showing the energy values along the yellow
dotted line drawn on the PES. We assumed that one of the
normal modes of vibration would exist along this dotted line
since this is the case in all the other FCC metals investigated.

While the PES of Ag—H appears as a smooth basin (Figure
4(a)), Pt—H (Figure 4(b)) and Au—H (Figure 4(c)) possess
much shallower PESs that are kinked across the O-site. The
centers of the O-sites in Pt and Au are shown to be at higher
energies than the minima on the (002) plane by S and 15 meV,
respectively. Those fluctuations on the shallow basins,
particularly the local maximum on the center of the PES,
explain why imaginary frequencies have occurred in the
previous calculations presented in Section 3.3. To find the
true minima, a hydrogen atom was placed near the minima in
Pt and Au on the PESs (the purple color region in the PESs),
and geometry optimization was performed. Binding energies of
hydrogen in the new sites in Pt and Au were reduced by 0.02
and 0.04 eV, respectively. Vibrational frequencies of hydrogen
in Pt (687.9, 626.2, and 365.3i cm™") and Au (802.5, 620.3, and
404.3i cm™") calculated by the finite displacement method with
a displacement size of 0.015 A then showed only one imaginary
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Figure S. Modified hydrogen solubility in (a) Pt and (b) Au. The vibrational frequencies obtained from the finite displacement (FD) method and
those obtained from the PES analysis were applied to calculate hydrogen solubility.

frequency instead of three. Therefore, these off-center O-sites
are not the energy minima but first-order saddle points, which
may be transition states along the paths of hydrogen diffusion
in Pt and Au. Nazarov et al.’” have also reported similar
potential energy curves at the O-sites of Pt and Au, but they
concluded that hydrogen in the Pt O-site is stable due to the
ZPE contribution. Our vibrational frequency analysis indicates
that the hydrogen at the Pt O-site is at a saddle point rather
than a ground state.

While the magnitude of the fluctuations borders on the total
energy convergence criteria specified in our DFT calculations
(1 meV/atom), the vibrational frequency calculations have
identified the correct PES features (first- versus third-order
saddle point), implying that the calculation results are
reasonably reliable. On the basis of all the tests attempted to
improve the force calculations for hydrogen in the O-site of Pt
and Au, it is strongly believed that the O-site would not be the
stable binding sites for hydrogen in these two metals. The
shallow basins featured on the PESs of Au and Pt (Figures 4(b)
and (c)) mean that a very tight force convergence would be
required to guarantee the accuracy of vibrational frequency
calculations across the basin. We believe that the accuracy of
our energy calculations is nearly at the limit of the PAW
approximation. An all-electron method may improve the
accuracy of force calculations, but the computations would be
extremely demanding and impractical.

If we are to be more conservative and deduce that the
fluctuations near the O-sites in Pt and Au are fictitious due to
the intrinsic limit of DFT calculations, it would be rational to
ignore the fluctuations. To justify the case, we calculated the
hydrogen vibrational frequency by fitting only 3—4 legitimate
PES data points (indicated by red squares on the plots in Figure
4) to satisfy the small displacement condition, assuming that a
harmonic vibration would reasonably describe the hydrogen
vibrations in the O-site. We assumed that the normal-mode
vibrational frequencies along the other two directions would be
identical to the frequency we calculated from the fitting due to
the site symmetry in the FCC metals. The PES of Ag—H fits
the harmonic vibration assumption reasonably well (Figure
4(a)), and the vibrational frequency of hydrogen in Ag was
estimated to be 389.5 cm™', remarkably close to the result
obtained by the finite displacement method (380.3 cm™). The
estimated hydrogen vibrational frequencies in Pt and Au are
123.8 and 133.0 cm™’, respectively.
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We applied these frequency values in the hydrogen solubility
calculations and plotted the updated solubilities as shown in
Figure 5. Compared to the solubilities predicted from the
vibrational frequencies calculated by the finite displacement
method, the O-site solubility increased by 2—3 orders of
magnitude in both Pt and Au. In Pt (Figure 5(a)), the updated
O-site solubilities exceed the experimentally known solubilities
but have become slightly closer to the experimental values than
before the vibrational frequency correction. Nevertheless, the
deviations are greater than an order of magnitude. In Au
(Figure 5(b)), the O-site solubility became closer to the
experimentally known solubility after the frequency correction,
but the difference between the O- and T-site solubility
estimates is within an order of magnitude, leaving the site
preference undetermined.

Both the Pt and Au cases demonstrate that relatively low
vibrational frequencies of hydrogen (approximately 250—750
cm™" lower than that in the other FCC metals) lead to a higher
solubility in the O-site compared to the T-site, despite the
unfavorable binding energy in the O-site. These are clear
examples that the solubility depends not only on the binding
energy but also on the vibrational frequency. If the vibrational
frequency of hydrogen in Pt and Au could be measured
experimentally in future work, it will become possible to
validate theoretical predictions of the solubility as well as the
site preference.

In future studies, an improvement could be to include
vacancy defects for establishing the equilibrium of hydrogen
solid solution, particularly for late transition metals including
Au and Pt. Vacancy formation energy in those metals is
significantly lower than in early and midtransition metals,”
allowing for higher concentration of vacancies to be available
for stronger hydrogen binding™ and thereby dominating the
total hydrogen solubility.

B CONCLUSIONS

The hydrogen solubility in 10 transition metals (V, Nb, Ta, W,
Ni, Pd, Pt, Cu, Ag, and Au) was predicted by first-principles-
based calculations combined with the thermodynamic equili-
brium assumption. We calculated the binding energy and
vibrational frequencies of a hydrogen atom in metal interstitial
sites by first-principles calculations based on DFT and applied
those results to a solubility equation derived based on the
chemical potential equilibrium between hydrogen in the gas
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and solid-solution phases. In general, the solubility increases
with increasing binding strength and decreasing vibrational
frequencies of hydrogen. Stronger binding leads to a higher
solubility, as more hydrogen will be absorbed in the metal due
to the strong affinity. Smaller vibrational frequencies result in a
larger vibrational partition function, leading to a higher
solubility.

The accuracy of solubility is critically dependent on the
calculated binding energy and vibrational frequency. We
present the results of a sensitivity analysis quantitatively
illustrating the impact of errors in binding energy and
vibrational frequency calculations on the predicted solubility.
For instance, in FCC metals, an error of 0.11 eV in the binding
energy or 300—400 cm™" in the vibrational frequency induces
errors in the solubility by an order of magnitude.

Our binding energy results indicate the favorable hydrogen
occupancy to be in the T-site of the BCC metals and in the O-
site of the FCC metals with the exception of Pt and Au, which
prefer binding in the T-site. All the binding site preference
agrees well with previous experimental and theoretical studies.
While vibrational frequency calculations have revealed three
real vibrational frequencies in most of the interstitial binding
sites, the O-site of the BCC metals appears to be a second-
order saddle point due to the high-energy configuration in the
tight O-site geometry. Across the center of the O-site in Pt and
Au, the PESs have revealed a very shallow energy difference and
particularly have shown a slightly downward concavity at the
center, causing only imaginary vibrational frequencies to occur.
At the local energy minima near those O-sites, first-order saddle
points were identified by the presence of one imaginary
vibrational frequency. Harmonic vibrational frequencies
obtained from fitting the PESs appeared to be very low both
for Pt and Au (120—130 cm™), as expected from the shallow
feature of the PES.

Our hydrogen solubility predictions matched experimentally
known solubility data from the literature within a factor of 2 in
the cases of V, Nb, Ta, and W and within a factor of 3 in the
cases of Ni, Cu, and Ag. Larger deviations from experimental
data were found in Pd, mainly due to the errors associated with
vibrational frequency calculations. By applying the experimental
vibrational frequency of hydrogen to the solubility calculation,
the predicted solubility in Pd was significantly improved and
matched the experimental solubility. The reasons for the
deviations in the hydrogen solubility predictions for Pt and Au
remain uncertain, since no experimental evidence of the
vibrational frequencies or site preference is available. Applying
the harmonic vibrational frequencies of hydrogen estimated
from the smoothened PESs to Pt and Au merely improved the
solubility predictions. Future studies that measure the hydrogen
vibration in the interstitial sites of Pt and Au may provide a
good reference to this study, thereby improving the solubility
predictions. The methodology to predict hydrogen solubility in
this study may be applied to more complicated systems such as
alloys or used to estimate the solubilities of other solutes or
impurities in metallic systems.
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